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The electroweak CP violating rate asymmetries in the decay b→ dl+l− are reexamined in detail
and updated. In particular, the rate asymmetries are studied when one of the final state leptons
is polarised. We find an estimate for the asymmetry of (5÷ 15)% in the polarised decay spectrum
which is close to known results for the unpolarised case. Interestingly, in the region separating
the ρ − ω and cc¯ resonances, which is also theoretically cleanest, the polarised contribution to the
asymmetry is larger than the unpolarised result. A 3σ signal for direct CP violation, requires about
1010 BB¯ pairs at a B factory. In general these results indicate an asymmetric contribution from the
individual polarisation states to the unpolarised CP asymmetry; an atribute for any new physics
searches.
PACS numbers: 13.20.He, 11.30.Er, 13.88.+e
I. INTRODUCTION
In the standard model (SM), the rare decays which in-
volve flavor changing neutral current decays are impor-
tant probes for new physics [1]. In general, due to the well
known GIM mechanism [2] these processes are strongly
suppressed along with the usual CKM suppression. All
these features therefore point to potential sources or act
as rich test ground for any new physics, such that any
deviation from the SM expectations is an unambiguous
signature for new physics. One of the key observables in-
volving FCNC is the radiative B decay, B → Xsγ. Mea-
surements of the branching ratio for this decay [3] are in
very good agreement with the SM calculations [4, 5] at
the current level of accuracy imposing strong constraints
on new physics scenarios.
The parton level rare semi-leptonic decays, b→ ql+l−
(q = d, s), can provide alternative sources to discover
new physics where in particular the lepton pair gives
easy access to decay spectra in dependence of the in-
variant mass of the lepton pair providing detailed dy-
namical information. Moreover, appropriate experimen-
tal cuts allow to separate out theoretically clean regions
of the phase space. The semi-leptonic decays are de-
scribed by QCD corrected effective Hamiltonians which
are expanded in a set of effective operators multiplied by
so called Wilson coefficients acting as couplings and be-
ing perturbatively calculable. In new physics scenarios
the Wilson couplings can get modified and, in addition,
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new operator structures can arise. In such decays, the
standard observables like the decay rate, lepton polar-
ization asymmetries and the forward-backward asymme-
try depend on different quadratic combinations of the
Wilson coefficients and can be studied kinematically as
a function of the invariant di-lepton mass. Therefore,
detailed measurements of these observables provide ex-
tensive tests of the effective Hamiltonian and hence of
the SM and new physics scenarios. Before the B fac-
tories such as BaBar and Belle the best experimental
limits for the inclusive branching ratios BR(b → sl+l−)
with l = e, µ as measured by CLEO [6] have been an or-
der higher than the SM estimates [7]. However, the first
measurement of this decay has been reported by Belle [8]
and is in agreement with the SM expectations and hence
further constrains any extensions to the SM.
In addition to the above observables it is possible to
construct CP violating rate asymmetries which are sen-
sitive to further different combinations of Wilson cou-
plings. Needless to say, that apart from new physics
searches, CP violating effects in rare b-decays are also
interesting in its own right. In these proceedings we sum-
marize the main results of our recent analysis of CP vi-
olating effects in the decay b → dl+l− within the SM,
including the case when one of the leptons is polarized
[9].
Standard model CP violation in the decays b→ ql+l−
has been studied previously in Refs. [10, 11] for unpolar-
ized leptons. Very recently, a study of CP violation in
the polarized decay b → dl+l− has also been performed
in a model independent framework [12].
2II. THEORETICAL RATE ESTIMATES
The parton level process with the QCD corrected ef-
fective Hamiltonian describing the decay b → dl+l− can
be described by the matrix element [10, 13]
M = K
[
Ceff9 (d¯γµPLb)l¯γ
µl + C10(d¯γµPLb)l¯γ
µγ5l
− 2Ceff7 d¯iσµν
qν
q2
(mbPR +mdPL)bl¯γ
µl
]
, (1)
with K :=
GFαVtbV
∗
td√
2pi
. In Eq. (1) the notations employed
are the standard ones and q denotes the four momentum
of the lepton pair.
In the SM, except for Ceff9 , the Wilson couplings are
real and analytic expressions can be found in the litera-
ture [13, 14, 15]. In our analysis [9] we use
Ceff7 = −0.310 , C10 = −4.181 . (2)
The effective coefficient Ceff9 can be parametrized in the
following way [10]:
Ceff9 = ξ1 + λuξ2 , λu =
VubV
∗
ud
VtbV ∗td
, (3)
with
ξ1 ≃ 4.128 + 0.138 ω(sˆ) + 0.36 g(mˆc, sˆ), (4)
ξ2 ≃ 0.36 [g(mˆc, sˆ)− g(mˆu, sˆ)] . (5)
Here, sˆ = q2/m2b and mˆq = mq/mb are dimensionless
variables scaled with respect to the bottom quark mass.
The function ω(sˆ) represents one loop corrections to the
operator O9 [16] and the function g(mˆq, sˆ) represents the
corrections to the four-quark operators O1 −O6 [15].
In addition to the short distance contributions de-
scribed above, the decays B → Xdl+l− also receive
long distance contributions from the tree-level dia-
grams involving uu¯, dd¯, and cc¯ bound states, B →
Xd(ρ, ω, J/ψ, ψ
′, ...) → Xdl+l−. In our analysis the ρ,
ω, and cc¯ resonances have been taken into account by an
appropriate modification of the functions g(mˆq, sˆ).
A. Differential decay spectrum: Unpolarized case
Neglecting any low energy QCD corrections (∼ 1/m2b)
[7, 17] and setting the down quark mass to zero, the
unpolarized differential decay width as a function of the
invariant mass of the lepton pair is given by
dΓ
dsˆ
=
G2Fm
5
bα
2
768pi5
|VtbV ∗td|2(1− sˆ)
√
1− 4mˆ
2
l
sˆ
∆(sˆ) , (6)
with the kinematic factors
∆(sˆ) =
[
12Re(Ceff7 C
eff
9
∗
)F1(sˆ) +
4
sˆ
|Ceff7 |2F2(sˆ)
]
×(1 + 2mˆ
2
l
sˆ
) + (|Ceff9 |2 + |C10|2)F3(sˆ)
+6mˆ2l (|Ceff9 |2 − |C10|2)F1(sˆ) ,
F1(sˆ) = 1− sˆ ,
F2(sˆ) = 2− sˆ− sˆ2 ,
F3(sˆ) = 1 + sˆ− 2sˆ2 + (1 − sˆ)2 2mˆ
2
l
sˆ
. (7)
In Eq.(7) the hat denotes all parameters scaled with re-
spect to the b quark mass mb. Note that the physical
range for sˆ is given by 4mˆ2l ≤ sˆ ≤ 1.
As usual we remove uncertainties in Eq. (6) due to the
bottom quark mass (a factor of m5b) by introducing the
charged current semi-leptonic decay rate
Γ(B → Xceν¯e) = G
2
Fm
5
b
192pi3
|Vcb|2f(mˆc)κ(mˆc) (8)
where f(mˆc) and κ(mˆc) represent the phase space and
the one-loop QCD corrections to the semi-leptonic de-
cay and can be found in [10]. Therefore the differential
branching ratio can be written as
dBR
dsˆ
=
α2
4pi2
|VtbV ∗td|2
|Vcb|2
BR(B → Xceν¯e)
f(mˆc)κ(mˆc)
(1 − sˆ) a ∆(sˆ), (9)
with the threshold factor a ≡
√
1− 4mˆ2l
sˆ
.
B. Differential decay spectrum: Polarized case
The potential richness of measuring the lepton polari-
sation was first realised by Hewett [18] and Kru¨ger and
Sehgal [19]. These authors showed that additional inde-
pendent information can be obtained on the quadratic
functions of the effective Wilson couplings, Ceff7 , C10 and
Ceff9 . Defining a reference frame with three orthogonal
unit vectors eL, eN and eT, such that
eL =
pl−
|pl− |
,
eN =
pq × pl−
|pq × pl− |
, (10)
eT = eN × eL ,
where pq and pl− are the three momentum vectors of the
quark and the l− lepton, respectively, in the l+l− center-
of-mass system. For a given lepton l− spin direction n,
which is a unit vector in the l− rest frame, the differential
decay spectrum is of the form [19]
dΓ(sˆ,n)
dsˆ
=
1
2
(
dΓ(sˆ)
dsˆ
)
0
[
1+(PLeL+PTeT+PNeN) ·n
]
,
(11)
3where the unpolarized decay rate
(
dΓ(sˆ)
dsˆ
)
0
can be
found in Eq. (6) and the polarisation components Pi
(i = L,N,T) are obtained from the relation
Pi(sˆ) =
dΓ(n = ei)/dsˆ− dΓ(n = −ei)/dsˆ
dΓ(n = ei)/dsˆ+ dΓ(n = −ei)/dsˆ . (12)
The resulting polarisation asymmetries are
PL(sˆ) =
a
∆(sˆ)
[
12Re(Ceff7 C
∗
10)(1− sˆ)
+2Re(Ceff9 C
∗
10)(1 + sˆ− 2sˆ2)
]
,
PT(sˆ) =
3pimˆl
2∆(sˆ)
√
sˆ
(1− sˆ)
[
2Re(Ceff7 C
∗
10)
−4Re(Ceff7 Ceff9
∗
)− 4
sˆ
|Ceff7 |2
+Re(Ceff9 C
∗
10)− |Ceff9 |2sˆ
]
,
PN(sˆ) =
3pimˆla
2∆(sˆ)
(1 − sˆ)
√
sˆ Im(Ceff9
∗
C10) , (13)
where we differ by a factor of 2 in PT with respect to
the results obtained in [19]. The above expressions for
Pi agree with [20] for the SM case. Clearly, the polari-
sation asymmetries in Eq. (13) have different quadratic
combinations of the Wilson couplings and any alteration
in the values of these couplings can lead to changes in the
asymmetries. Hence, these are sensitive to new physics
and can also probe the relative signs of the couplings
Ceff7 , C
eff
9 and C10. The normal polarisation asymmetry
PN is proportional to Im(C
eff
9 C
∗
10) and is thus sensitive to
the absorptive part of the loop contributed by the charm
quark. Note also that the transverse and normal asym-
metries PT and PN, respectively, are proportional to mˆl
and thus the effects can be significant only for the case
of tau leptons.
III. CP VIOLATION
CP violation in the decay B → Xsl+l− is strongly
suppressed in the SM following from the unitarity of the
CKM matrix. However, in the semi-leptonic B decay,
B → Xdl+l−, the CP violating effects can be quite size-
able. The CP asymmetry for this decay can be observed
by measuring the partial decay rates for the process and
its charge conjugated process [10, 11]. Before turning
to a derivation of CP violating asymmetries for the case
of polarised final state leptons it is helpful to recall the
unpolarised case.
A. Unpolarized case
In this case as CP violating rate asymmetry is given
by
ACP :=
Γ0 − Γ¯0
Γ0 + Γ¯0
, (14)
where
Γ0 ≡ dΓ
dsˆ
≡ dΓ(b→ dl
+l−)
dsˆ
,
Γ¯0 ≡ dΓ¯
dsˆ
≡ dΓ(b¯→ d¯l
+l−)
dsˆ
. (15)
The unpolarized particle decay rate Γ0 can be found in
Eq. (6). This can be rewritten as a product of a real-
valued function r(sˆ) times the function ∆(sˆ), given in
Eq. (7); Γ0(sˆ) = r(sˆ) ∆(sˆ). Following the prescription
of [10] we may write the modulus of the matrix elements
for the decay and the anti-particle decay as
|M | = |A+ λuB| , |M¯ | = |A+ λ∗uB| , (16)
where the CP-violating parameter λu, entering the Wil-
son coupling Ceff9 , has been defined in Eq. (3). Conse-
quently, the rate for the anti-particle decay is then given
by
Γ¯0 = Γ0|λu→λ∗u = r(sˆ)∆¯(sˆ) ; ∆¯ = ∆|λu→λ∗u . (17)
The CP violating asymmetry following Eqs. (6) and
(17) is obtained as
ACP(sˆ) =
−2Im(λu)Σ
∆+ 2Im(λu)Σ
≃ −2Im(λu) Σ(sˆ)
∆(sˆ)
, (18)
in agreement with the result in [10]. In Eq. (18),
Σ(sˆ) = Im(ξ∗1ξ2)[F3(sˆ) + 6mˆ
2
l F1(sˆ)]
+6Im(Ceff7 ξ2)F1(sˆ)(1 +
2mˆ2l
sˆ
) . (19)
If we choose the lepton l− to be polarized, the above
CP asymmetry gets modified and receives a contribution
from C10 through the interference piece with C
eff
9 in |M |2;
see Eqs. (11) and (13).
B. Polarized case
In this case, we define the CP violating asymmetry as
ACP(n) :=
Γ(n)− Γ¯(n¯ = −n)
Γ0 + Γ¯0
, (20)
where
Γ(n) ≡ dΓ(sˆ,n)
dsˆ
≡ dΓ(b→ dl
+l−(n))
dsˆ
,
Γ¯(n¯) ≡ dΓ¯(sˆ, n¯)
dsˆ
≡ dΓ(b¯→ d¯l
+(n¯)l−)
dsˆ
, (21)
and Γ0, Γ¯0 are functions as defined earlier. In addition, n
is the spin direction of the lepton l− in the b-decay and n¯
is the spin direction of the l+ in the b¯-decay. For instance,
assuming CP conservation, the rate for the decay of a B
to a left handed electron should be the same as the rate
for the decay of a B¯ to a right handed positron. Following
4similar arguments as in the preceding section one obtains
the following results for the CP violating asymmetries for
a lepton l− with polarisation n = ei (i = L,T,N) [9]:
ACP(n = ±ei) = 1
2
[
ACP(sˆ)±
∆Pi − (∆Pi)|λu→λ∗u
∆(sˆ) + ∆¯(sˆ)
]
≡ 1
2
[
ACP(sˆ)± δAiCP(sˆ)
]
. (22)
One can see that the unpolarized CP violating asym-
metry ACP (sˆ) as obtained in Eq. (18) is altered by the
polarised quantities δAiCP(sˆ) which we obtain as
δAiCP(sˆ) =
−2Im(λu)δΣi(sˆ)
∆(sˆ) + 2Im(λu)Σ(sˆ)
≃ −2Im(λu)δΣ
i(sˆ)
∆(sˆ)
,
(23)
with
δΣL(sˆ) = Im(C10ξ2) (1 + sˆ− 2sˆ2) a ,
δΣT(sˆ) =
3pimˆl
2
√
sˆ
(1− sˆ)
[
− 2Im(Ceff7 ξ2)
+
1
2
Im(C10ξ2)− sˆIm(ξ∗1ξ2)
]
,
δΣN(sˆ) =
3pimˆl
2
√
sˆ
(1− sˆ)
[
sˆ
2
Re(C10ξ2)
]
a , (24)
where a is the threshold factor defined below Eq. (9).
Interestingly, we note that the asymmetries δΣT(sˆ) and
δΣN(sˆ) have different combinations involving the imagi-
nary and real parts of ξ2. Note also that for a given polar-
isation there are two independent observables, ACP(n =
ei) and ACP(n = −ei) or, alternatively, ACP (sˆ) =
ACP(n = ei) + ACP(n = −ei) and δAiCP(sˆ) = ACP(n =
ei)−ACP(n = −ei).
IV. NUMERICAL ANALYSIS AND
DISCUSSION
With the above basic analytic framework, we are ready
to discuss our numerical results. The basic and essential
information is summarised in figures 1 to 4.
The currently allowed range for the Wolfenstein pa-
rameters is given by 0.190 < ρ < 0.268, 0.284 < η <
0.366. For our analysis we take (ρ, η) = (0.25, 0.34). In
terms of the Wolfenstein parameters, ρ and η, the pa-
rameter λu is given by the relation,
λu =
ρ(1− ρ)− η2
(1− ρ)2 + η2 − i
η
(1− ρ)2 + η2 + · · · . (25)
The results for other values of these parameters can be
easily obtained: Noticing that since Ceff9 (sˆ) only very
weakly depends on ρ and η, almost the entire depen-
dence is due the prefactors containing the CKM matrix
elements; particularly, in the expressions for the branch-
ing ratio and the CP violating asymmetries. In the case
of the branching ratio this is the term |VtbV ∗td/Vcb|2 =
unpol.
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FIG. 1: Polarised and unpolarised branching ratios for the
decay b → de+e− according to Eq. (9) and (11). The unit
vector eL has been defined in Eq. (10).
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FIG. 2: Polarised and unpolarised CP violating rate asym-
metries for the decay b → de+e− as given in Eqs. (22), (23)
and (18), respectively.
λ2[(1 − ρ)2 + η2]; in the case of the CP violating asym-
metries it is the factor Imλu = −η/((1 − ρ)2 + η2).
The results for other Wolfenstein parameters can there-
fore be obtained by simply rescaling the shown results.
For instance varying (ρ, η) in the allowed range leads to
a variation of |Imλu| in the range (0.54 ÷ 0.38). (For
(ρ, η) = (0.25, 0.34) we find |Imλu| = 0.5.) As can be
5unpol.
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FIG. 3: As in Fig. 1 for the decay b→ dτ+τ−.
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FIG. 4: Polarised and unpolarised CP violating rate asymme-
tries for the decay b→ dτ+τ− as given in Eq. (23) and (18),
respectively.
seen the absolute value of the CP violating asymmetries
increases with increasing ρ and η. On the other hand,
the branching ratios mildly decrease with increasing ρ.
In Fig. 1, we display the branching ratios for the decay
b → de+e− with unpolarized and longitudinally polar-
ized electrons. The unpolarized branching ratio (solid
line) has been obtained with help of Eq. (9). The cor-
responding results for polarised final state leptons have
been calculated accordingly using Eq. (11). The dash-
dotted and dotted lines corresponds to n = −eL and
n = +eL, respectively, where the unit vector eL has been
defined in Eq. (10). As can be seen, in the SM, the decay
is naturally left-handed and hence the polarised spectrum
for n = −eL is very similar to the unpolarised spectrum.
In the kinematical region between the ρ−ω and cc¯ reso-
nances, which is theoretically the cleanest kinematic bin,
the branching ratio is ∼ 3 × 10−7. On the other hand,
the polarised n = eL spectrum is far below the unpo-
larised one. This feature can provide for measurements
involving a new physics search. In the following we will
classify such polarized decays whose SM decay width is
much smaller than the unpolarized spectrum as wrong
sign decay.
In Fig. 2, we present results for the polarised and unpo-
larised CP violating rate asymmetries calculated accord-
ing to Eqs. (22), (23), and (24) for the decay b→ de+e−.
We find that the asymmetries for b → dµ+µ− are nu-
merically similar to the results shown here, and hence
are not presented. As mentioned earlier, only two of the
shown four quantities are linearly independent. As can be
observed, ACP(n = −eL) is much larger than the asym-
metry with opposite lepton polarization implying that
ACP(n = −eL) is quite similar to the unpolarized asym-
metry ACP. This can be also seen by the lower half of
Fig. 2 where the unpolarized ACP and (−1)δALCP have
been plotted. Here, ACP(n = −eL) would be the average
of the two curves (lying in the middle between them).
Note that the polarised CP violating asymmetry δALCP is
comparable and in certain kinematic regions even larger
than its unpolarized counterpart. Particularly, in the
theoretically clean region, between the ρ–ω and the cc¯
resonances, we find δALCP is about 8% when compared
to about 5% in the unpolarized case [10, 11]. However,
in the resonance regions, the polarised asymmetry can
reach values as large as up to 20% (ρ–ω) and 11% (cc¯),
respectively.
The polarised asymmetries δANCP and δA
T
CP are pro-
portional to the lepton mass and therefore only relevant
in the case of final state tau leptons. In Fig. 3, branch-
ing ratios for the decay b → dτ+τ− are shown for un-
polarized (solid line), longitudinally (dotted), normally
(dashed), and transversely (dash-dotted) polarized taus.
The corresponding branching ratio is ∼ O(1× 10−8), re-
quiring a larger luminosity. One can see that for n = ±eN
both rates are very similar, whereas, for n = ±eT, the
−eT state is strongly favored, as being closer to the un-
polarised decay width. Therefore, we would classify the
polarised n = eT spectra as a wrong sign decay.
In Fig. 4, we show both the polarised and unpolarised
CP violating rate asymmetries calculated according to
Eqs. (22), (23), and (24) for the decay b→ dτ+τ−. Since
δALCP and δA
N
CP are small we conclude that ACP(n =
+eL) ≃ ACP(n = −eL) and ACP(n = +eN) ≃ ACP(n =
−eN). On the other hand, δATCP is comparable to the
unpolarised ACP as is indicated by the dash-dotted line
in the (2, 1)-panel. This in turn implies that ACP(n =
+eT) is very small. As can be observed, all calculated
asymmetries, reach at the maximum about 10%.
6V. SUMMARY
To conclude, we have performed a detailed study of
the CP asymmetry for the process b → dl+l− updating
the unpolarised case and including the case when one
of the leptons is in a polarised state. Our results indi-
cate that when a lepton is in a certain polarised state
(−eL,−eT), the decay rates are comparable to the un-
polarised spectrum. For normally polarised leptons, both
polarisations ±eN give similar widths but lower than in
the case of −eL and −eT. The remaining polarisation
states, which we had defined to be the wrong sign states,
the decay rates and the corresponding asymmetries are
lower, when compared to the unpolarised SM results. For
the kinematic regions which are away from resonance,
the polarised CP asymmetries are larger than the unpo-
larised asymmetry. Furthermore, the resonance regions
show a large asymmetry and in all of our analysis, we
have included the ρ− ω resonance states also. However,
unfortunately, these results in the resonance region suffer
from theoretical uncertainties.
An observation of a 3σ signal for ACP (sˆ) requires
about ∼ 1010 B mesons [10]. For such a measurement a
good d-quark tagging is necessary to distinguish it from
the much more copious decay b → sl+l− and hence will
be a challenging task at future hadronic collider exper-
iments like LHCb, BTeV, ATLAS or CMS [21]. More
dedicated experiments like Super-BABAR and Super-
BELLE should be able to achieve this goal. BELLE and
BABAR have already measured the rare decay b→ sl+l−
which could be measured with great accuracy at these
high luminosity upgrades. Given enough statistics, and
excellent kaon/pion identification, they may be able to
measure b→ dl+l− or the exclusive process B → ρl+l−.
In the polarized case, for measuring ACP(n = −eL) we
need a similar number of produced B-mesons, provided
an efficient polarisation measurement is possible, since
the branching rates are very much alike as discussed pre-
viously.
The polarisation observables are also interesting with
respect to new physics searches since they involve differ-
ent quadratic combinations of the Wilson couplings as
compared to unpolarised observables. In this respect,
given a real valued C10 (for the SM), we note that the
asymmetries δΣT and δΣN can be of relevance through
the contributions arising from the real and imaginary
parts of the function ξ2 as can be inferred from Eq. (24).
In addition, due to the left-handed nature of the SM
interactions the electrons and muons are predominantly
in the −eL state. Hence measuring a muon in a wrong
sign polarised state (+eL) can be very sensitive to new
physics. Essentially, we need to probe polarised (+eL)
muons which we expect to be possible by (i) angular dis-
tribution of the decay products and (ii) through the life
time of the +eL muons, which is enhanced as compared
to the −eL state due to the dynamics of the SM interac-
tion (left-handed). This is also evident by their smaller
decay width as observed in Fig. 1. The situation for the
case of the tau leptons is different and we observe that the
eT polarised state can be most sensitive to new physics
as can be seen in Fig. 3.
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